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Tapered optical fibers with a nanofiber waist are versatile tools for interfacing light and matter. In 
this context, laser-cooled atoms trapped in the evanescent field surrounding the optical nanofiber are 
of particular interest: They exhibit both long ground-state coherence times and efficient coupling to 
fiber-guided fields. Here, we demonstrate electromagnetically induced transparency, slow light, and 
the storage of fiber-guided optical pulses in an ensemble of cold atoms trapped in a nanofiber-based 
optical lattice. We measure a slow-down of light pulses to group velocities of 50 m/s. Moreover, 
we store optical pulses at the single photon level and retrieve them on demand in the fiber after 
2 /rs with an overall efficiency of (3.0 ± 0.4) %. Our results show that nanofiber-based interfaces 
for cold atoms have great potential for the realization of building blocks for future optical quantum 
information networks. 

PACS numbers: 42.50.Gy, 37.10.Jk, 42.50.Ct 


Storing classical light pulses in optical memories is an 
important capability for the realization of all-optical sig¬ 
nal processing schemes. Similarly, quantum information 
processing and communication require quantum memo¬ 
ries in which quantum states of light can be faithfully 
stored mm- Such memories are crucial elements of 
future large-scale quantum optical networks 0 They 
are key to quantum repeaters [4] which are indispens¬ 
able when it comes to the exchange of quantum infor¬ 
mation over long-distances m- Furthermore, quantum 
memories can be used to effectively turn a probabilistic 
single-photon source into an on-demand source [8|. 

A classical light pulse was stored for about one minute 
in a rare-earth-doped crystal using dynamical decoupling 
techniques [LSI- Similar storage times were achieved with 
an ensemble of ultracold atoms in a free-space optical 
lattice m- For optical network-based applications, effi¬ 
cient and long-lived fiber-integrated optical memories are 
desirable and currently constitute an active field of re¬ 
search mmn- Recently, weak coherent light pulses were 
stored using a hollow-core photonic-crystal fiber filled 
with thermal cesium vapor [T2|. In this case, the high¬ 
est measured memory efficiency was 27 % and the mem¬ 
ory lifetime was about 30 ns. In another recent work, 
photons at a wavelength of about 1.5 ^m were stored 
and retrieved with an efficiency of 1 % after 5 ns using 
a cryogenically cooled erbium-doped fiber |X3] . There, 
it was also demonstrated that photonic entanglement is 
preserved during storage and retrieval. The performance 
of these fiber-integrated quantum memories could be sig¬ 
nificantly improved if decoherence mechanisms such as 
the motion of the atoms or the coupling to the solid-state 
environment were suppressed. 

Here, we make use of a nanofiber-based optical inter¬ 
face p/4j to store fiber-guided light in an ensemble of 
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trapped neutral atoms. The laser-cooled cesium atoms 
are confined in a one-dimensional optical lattice that 
is realized in the evanescent field surrounding an opti¬ 
cal nanofiber. The latter forms the waist of a tapered 
optical fiber (TOF) which enables close-to-unity cou¬ 
pling of light fields that are guided in a standard optical 
fiber into and out of the nanofiber section. Our experi¬ 
ments rely on electromagnetically-induced transparency 
(EIT) where both the probe and the control light fields 
are nanofiber-guided and couple to the atoms via their 
evanescent fields. We observe a spectrally narrow trans¬ 
parency window with a width of about 30 kHz which 
reaches more than 60 % transmission through the TOF 
with an otherwise optically dense atomic ensemble. We 
study the probe pulse propagation under EIT conditions 
and demonstrate slow light with a group velocity of about 
50 m/s. Finally, we store fiber-guided light pulses at the 
single-photon level for 2 /is and retrieve them with a com¬ 
bined efficiency of (3.0 ± 0.4) %. 

A schematic of the experimental setup is shown in 
Fig- 0a). The silica nanofiber has a radius of 250 nm, 
meaning that for all guided light fields used in the ex¬ 
periment the single-mode condition is fulfilled. The 
nanofiber-based trap is created by sending a blue- 
detuned running-wave field with a free-space wavelength 
of 783 nm and a power of 7.0 mW and a red-detuned 
standing-wave field at 1064-nm wavelength with a power 
of 0.65 mW per beam into the nanofiber. The trapping 
potential consists of two diametric linear arrays of indi¬ 
vidual trapping sites along the nanofiber, located at a 
distance of 225 nm from the surface. Each site contains 
at most one atom and offers sub-wavelength confinement 
in all three spatial dimensions m- In the context of 
light storage, these trap properties are highly advanta¬ 
geous because collisional broadening of atomic transitions 
is absent and motional dephasing is strongly suppressed. 

We realize our experiments using the cesium hy- 
perfine levels shown in Fig. [ljc) . The quantization 
axis is chosen along the applied homogeneous mag- 
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FIG. 1. (a) Schematic of the experimental setup including the 
tapered optical fiber, the trapping, probe, and control laser 
fields, and the single-photon counting module (SPCM). The 
polarization of the probe field above and below the nanofiber 
is indicated by the dashed circular arrows. A polarization 
filter in front of the SPCM separates the control laser from 
the probe field. A homogeneous magnetic field B 0 ff is applied 
along the indicated direction, (b) Cross-sectional view of the 
nanofiber, illustrating the orientations of the principle axes of 
quasi-linear polarizations of the nanofiber-guided fields, (c) 
Relevant Zeeman sublevels of the trapped cesium atoms. The 
states 11), 13), and |2) form the A-system used in the exper¬ 
iments. The transitions driven by the probe and the control 
laser fields are also indicated. The quantization axis is chosen 
along the direction of the magnetic field. 


netic field B 0 fj indicated in Fig. 0 a). The A-system 
that is required for EIT is formed with the two Zee- 
man ground states |1) = \6Si/ 2 , F = 3,mp =+3) and 
12) = |65 i/2,.F = 4,to,f = +4), and the Zeeman excited 
state 13) = \QP 3 / 2 ,F' = A,mp' =+4). The probe field 
which couples the states |1) and |3) as well as the control 
field which couples the states |2) and |3) are launched 
into the TOF. They are co-propagating and are both 
quasi-linearly polarized jT5] in the waist of the TOF. 
Their principle polarization axes are aligned as shown in 
Fig. 0b). We take advantage of the particular polariza¬ 
tion properties of the nanofiber-guided light fields m- 
At the position of the atoms, the control laser field is 
7 r-polarized. At the same time, the probe light field is 
almost perfectly cr+ (cr _ /polarized above (below) the 
nanofiber in Fig. 0 a). The Zeeman shifts induced by 
B 0 ff ensure that the probe light field almost exclusively 
couples to the atoms above the nanofiber m- In the 
following, the control light field is always resonant with 
the 12) —► 13) transition. The probe light field of fre¬ 
quency w p is phase-locked to the control light field and 
detuned by = w p — W 31 from the |1) —> |3) transition 
at frequency W 31 . 

We measure the probe transmission through the 
nanofiber under EIT conditions. After loading atoms 


into the nanofiber-based trap in their F = 3 hyperfine 
ground state, we slowly increase B q r from 0 G to 26 G. 
Through adiabatic magnetization, this process prepares 
most of the atoms in the state 1 1 ) [IS] ■ We then switch on 
the probe and the control fields, and scan the detuning i5 p 
over 60 MHz within 500 /is. The transmission spectrum 
T(S p ) is determined by measuring the transmitted power 
with and without atoms using a single photon counting 
module (SPCM) with a bin size of 1 /is. Figure 0a) 
shows the resulting transmission spectrum for a control 
power of P c = 26 pW. The probe power is P p = 2.9 pW. 
We observe a narrow EIT transmission window with a 
full width at half maximum (FWHM) of about 300 kHz 
and a maximum transmission of about 70 % at resonance, 
S p = 0. We model the probe transmission as 

T ( s p ) = imm 2 . (i) 

with the transfer function m 

h(S p ) = exp(ir?x(<5 P )/2) , ( 2 ) 
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Here, H c is the control laser Rabi frequency, 731 the ex¬ 
cited state decay rate and 721 the decay rate of the co¬ 
herence between the two ground states of the A-system. 
The quantity 77 is the resonant optical depth in the ab¬ 
sence of a control field. The obtained fit function, shown 
as an orange line in Fig. 0a), agrees well with the data: 
Fixing 731 /(27t) = 6.4 MHz based on independent mea¬ 
surements [17] . we obtain 721 /( 271 ) = (49 ± 18) kHz, 
H c /(2tt) = (2.4 ± 0.1) MHz, and 77 = 5.9 ± 0.2. Given 
the high absorption per atom of 3.8 % [20], the measured 
optical depth corresponds to the contribution of only 160 
atoms in the state | 1 ). 

The value of 721 matches our expectations based on mi¬ 
crowave spectroscopy on the ground state manifold Hz] 
and is promising for light storage. Moreover, it is about 
one order of magnitude smaller than the measured width 
of the EIT window. The minimal achievable width of the 
transmission window is on the order of 721 / 1/77 [19] . We 
confirm this experimentally in Fig. 0b), where we set the 
control power to P c = 0.33 pW. Here, T(S P ) is measured 
separately for each detuning by recording the transmitted 
power of the probe light field during 10 /is. The power 
of the probe field, P p = 1.7 pW, is now comparable to 
the control field power. After the probe and the control 
field have been switched on, we thus wait 55 /is until the 
atomic ensemble is pumped into the dark state [21]. We 
then measure a transmission window with a Lorentzian 
FWHM of only 26 kHz and a transmission of about 60 %. 
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FIG. 2. Transmission spectrum of the guided probe field 
under EIT conditions, (a) A narrow transmission window 
with a width clearly smaller than the natural linewidth is ob¬ 
served on an optically dense background. The control power 
is P c = 26 pW and the probe power is P p « 2.9 pW. The or¬ 
ange line is a fit to the data based on Eq. <[Tj) . The spectrum 
is averaged over 300 measurements, (b) For a smaller P c of 
0.33 pW, we observe a transmission window which is about 10 
times narrower. The orange line is the result of a Lorentzian 
fit. Here, P p = 1.7 pW. Each data point is an average over 
60 measurements. The error bars in (a) and (b) correspond 
to one standard deviation based on counting statistics. 


The observed narrow EIT window implies a steep mod¬ 
ulation of the refractive index of the atomic medium 
around 5 p = 0. This results in a significant reduction 
of the group velocity of the probe pulse, i.e., in slow 
light [22]. We study the propagation of a resonant probe 
pulse through the TOF under EIT conditions. To this 
end, we launch a probe pulse with Gaussian temporal 
profile and a duration of r = 9.4 /zs (FWHM) into the 
TOF. The pulse contains 30 photons in the fiber on av¬ 
erage, corresponding to a peak power of 0.7 pW. We 
record the transmitted probe pulse using an SPCM and 
compare it to a reference pulse taken in the absence of 
atoms. This is repeated 5 times with each ensemble of 
atoms and for 800 experimental runs. The results are 
shown in Fig. [3^ a). For example, for a control power of 
P c = 2.1 pW, we observe a pulse delay of about 3 /zs. 

We repeat this measurement for different values of 
P c . For each power, we infer the delay, duration, and 
transmission of the probe pulse using a Gaussian fit, see 
Fig- §b), (c), and (d), respectively. We observe that 
for decreasing P c the delay of the pulse increases. At 
the same time, the transmitted power is reduced and 
the pulse duration grows. This fully matches the ex¬ 
pected behavior: The spectral width of the EIT window 
is reduced with decreasing P c . The associated steeper 
modulation of the refractive index leads to smaller group 
velocities. At the same time, more and more of the pulse 
spectrum falls outside of the EIT window, leading to both 
absorption and distortion. We simulate the experiment 
using the transfer function h(S p ) in Eq. ([2]) and leaving 
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FIG. 3. Slow fiber-guided light, (a) Time traces of probe 
pulses transmitted through the atom-nanofiber system under 
EIT conditions. A delay of the pulses with respect to a ref¬ 
erence pulse (dark green) is clearly visible. The solid lines 
are Gaussian fits to the data. Each point is the result of the 
average over 5 pulses per atomic ensemble and over 800 ex¬ 
perimental runs. The bin size is 1 ji s. The error bars are as 
in Fig. [2] (b) Pulse delay, (c) pulse duration, and (d) pulse 
transmission as a function of the power of the control light 
field, P c . The orange lines are the results of a global fit of the 
data sets in (b)-(d), see text. The error bars are the standard 
errors of the Gaussian fits. The horizontal dashed line in (c) 
indicates the duration t = 9.4 /zs of the input pulse. 


the optical depth, a common scaling factor for all control 
field Rabi frequencies, and 721 as adjustable parameters. 
We then fit the outcome of the simulation to the exper¬ 
imental data, see orange lines in Figs. |3](b)-(d). The 
agreement with the data is very good for the following 
parameters: 72 i/( 27 r) = (20 ± 2) kHz, consistent with 
the analysis in Fig. [2](a); VL c /{2i r) = (353 ± 26) kHz for 
P c = 1 pW, close to the prediction of about 290 kHz; 
and 77 = 6.0 ± 0.7. Given these parameters, we expect 
that even longer delays can be observed by lowering P c 
while simultaneously increasing the pulse duration. We 
confirmed this by launching pulses of duration r = 93 /zs 
into the medium with P c = 0.33 pW. In this case, we find 
a delay of (22 ± 1) /zs at a transmission of (13.6 ± 0.5) %. 
Given the length of our atomic sample of about 1 mm, 
this corresponds to a group velocity of 50 m/s. 
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FIG. 4. Storage of light in a nanofiber-trapped ensemble of 
cold atoms. A pulse of duration r = 0.2 /rs that contains 0.8 
photons on average is launched into the TOF and stopped 
inside the atomic medium. This is achieved by reducing the 
control laser power P c (t) to zero (blue line). After 1 /j,s , P c {t) 
is increased to its initial value, and the pulse is retrieved and 
recorded by the SPCM. Here, B 0 g = 15 G, the bin size is 
100 ns, and the data is averaged over 55 pulses per atomic 
ensemble and over 1600 experimental runs (2400 for refer¬ 
ence). 


The slow light technique can be readily extended to 
storage and on-demand retrieval of light pulses. In order 
to stop the pulse, the control power is reduced to zero 
while the light propagates through the medium. The re¬ 
trieval of the light pulse is triggered by switching the 
control field back on. We launch a pulse of duration 
r = 0.2 /ns that contains 0.8 photons on average into the 
TOF. The control power P c is ramped down linearly with 
a timing indicated in Fig. [4} After a holding time of 1 /ns, 
we ramp up P c to its initial value. The stored pulse is 
then released from the medium and detected with the 
SPCM. This procedure is repeated 55 times with each 
atomic ensemble and for 1600 experimental runs. The 
resulting time trace is shown in Fig. [4] The reference 
pulse is recorded in the same way by repeating the ex¬ 
periment without atoms. We find that the light pulse is 
retrieved with about 2 /is delay with respect to the refer¬ 
ence pulse. The measured combined storage and retrieval 
efficiency of our memory reaches (3.0 ± 0.4) %. 

Under ideal conditions, and in particular in the ab¬ 
sence of decoherence, the maximum attainable storage 
and retrieval efficiency depends only on the optical depth 
77 |23]. For 77 = 2.4 as in this measurement, this opti¬ 
mal efficiency is 13 %. In order to identify the limit¬ 
ing factors for the efficiency for our settings, we simulate 
the experiment according to Ref. [25] . We calculate the 
full time trace of the pulse which is partially directly 
transmitted, and partially stored and retrieved, see solid 


black line in Fig. [4] In addition to the measured value 
of 77 , we take the parameter 721 /( 277 ) = 20 kHz as in¬ 
ferred from the data in Fig. [3j and 7 31 /(27 t) = 6.4 MHz 
as before. The simulation outcome accurately repro¬ 
duces the measured time trace of the probe pulse for 
f l c (t = 0)/(27t) = 2.24 MHz. Given the value P c (t = 0), 
however, we calculate SI c /(2tt) ss 0.6 MHz. The discrep¬ 
ancy between these two values is still under investigation 
and might be caused by a drift of the experiment after 
the calibration of the power of the control field inside 
the nanofiber. Given the very good agreement between 
the measured and the simulated probe time traces, how¬ 
ever, we use the simulation to identify the mechanisms 
that decrease the memory efficiency. We find that this re¬ 
duction is due to approximately equal contributions from 
ground-state decoherence, insufficient control power, and 
a non-optimal control field ramp. 

The optical depth of the atomic ensemble could be in¬ 
creased by loading more atoms into the trap via a larger 
spatial overlap of the initial cold atom cloud and the 
nanofiber. Concerning decoherence, we have shown that 
the magnetic field-insensitive mp = 0 hyperfine ground 
states exhibit coherence times on the order of a millisec¬ 
ond in our trap !23|. Additional cooling of the trapped 
atoms, e.g., based on EIT |25j, Raman mm , or mi¬ 
crowave sideband-cooling [2Sj, as well as techniques to 
cancel the trap-induced differential light shifts of the 
ground states can bring further improvement. 

For integrating our memory in an optical fiber telecom¬ 
munication network, optical frequency conversion from 
the atomic resonance to the telecom band is required. 
In this context, efficient conversion from the rubidium 
D lines to a wavelength of 1.5 /xrn in laser-cooled rubid¬ 
ium vapor [ 22 ! and in a non-linear crystal [ 3 D] has been 
demonstrated. A transfer of these techniques to a fiber- 
based platform [31] offers a promising extension for our 
nanofiber-based optical memory. 

For an optical memory to function also in the quantum 
regime, low noise operation is essential. The waveguide- 
geometry in conjunction with the large optical depth per 
atom in our system allows one to work with a small num¬ 
ber of atoms as compared to typical free-space exper¬ 
iments. This reduces read-out noise that would stem 
from imperfect atomic state preparation. In fact, we 
stored and retrieved classical light pulses that contained 
less than one photon on average. This indicates that the 
noise characteristics of our optical memory should also 
allow one to efficiently store quantum information and 
entanglement over millisecond time scales in an all-fiber- 
based architecture. 
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